Coeliac disease (CD) is a complex genetic disorder. Its etiology is owing to multiple genes and environmental factors, such as gluten. The first event in the pathogenesis of CD after the ingestion of gluten is the activation of a Th1 immune response that leads to villous atrophy. Although this immune response seems crucial to the disease's development, only the HLA-DQ2/DQ8 genes have been identified as causative immune genes related to CD. Recently, the activation of the transcription factor STAT1 and changes in its expression levels have confirmed the participation of the Janus kinase-signal transducer and activator of transcription pathway in CD. Furthermore, as the STAT-1 gene is a positional candidate located in the CELIAC3 locus on chromosome 2, we speculate that alterations in this gene could be primarily responsible for the aberrant immune response that characterizes CD. Based on this functional and genetic evidence, we investigated the primary contribution of STAT-1 to CD. We performed a comprehensive genetic association study using five tag SNPs fully covering the STAT-1 gene in a Dutch cohort of 355 independent CD cases and 360 healthy controls. Neither the alleles, nor the genotypes in the case -control genetic association studies, nor the haplotype analysis showed any association to the STAT-1 gene in the Dutch CD population. Our results do not point to a primary involvement of the STAT-1 gene in the Dutch CD population.
Introduction
Coeliac disease (CD) is a complex genetic disorder in which the main causative environmental factor is the dietary protein gluten. This is present in common Western foods, such as bread, pasta and many processed products. When gluten is ingested by coeliac patients, it provokes an inflammatory reaction in the small intestine that leads to crypt hyperplasia and villous atrophy. 1 Although the exact nature of this immune response remains unknown, there is much evidence to suggest that gluten promotes a Th1 immune response mostly mediated by high levels of interferon-gamma (IFN-g) 2 and ab CD4 þ T cells that recognize gluten peptides through HLA-DQ2/DQ8 molecules. 3 This observation is further supported by genetic data showing a primary association between the genes encoding the HLA-DQ2/DQ8 molecules on chromosome 6 and all the CD populations tested to date. 4, 5 Despite the fact that these results indicate an essential role for HLA in the etiopathogenesis of CD, the HLA-DQ2/DQ8 genes only explain approximately 40% of the familial clustering to CD, 5, 6 implying that other non-HLA genes must also be associated with CD. As the Th1 immune response is such a crucial factor in the pathogenesis of CD, the search for other primary genes should focus on genes linked to the Th1 immune response. The Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway plays an important role in regulating the immune response. This pathway mediates the early Th1 proinflammatory IFN-g-directed response by activating gene transcription through different STAT proteins ( Figure 1a) . The activation of an aberrant Th1 immune reaction initiated by the presence of gluten is a crucial event in the pathogenesis of CD. 7 Some studies have shown the importance of the JAK-STAT pathway in the pathogenesis of CD. 8 -10 One interesting activator of the JAK-STAT pathway in CD might be IFN-g, which is also highly expressed in the intestine of coeliac individuals. 2 The exact role of IFN-g in the pathogenesis of CD has not been elucidated, but it might contribute to the maintenance of the chronic inflammatory response through the JAK-STAT pathway by regulating the expression and the activation of STAT1. Although IFNG might play an important role in CD pathogenesis, 2 genetic association studies have failed to
show that this gene makes a primary contribution to the disease. 2, 11 Hence, it seems attractive to test the STAT1 gene, as it is one of IFN-g first downstream targets. The STAT1 gene is both a positional and functional candidate gene. The STAT1 gene is located in the CELIAC3 locus on chromosome 2q23 -32, 12 which also encompasses the ICOS-CTLA4-CD28 gene cluster. Several studies have investigated the contribution of the CTLA4 gene in CD as this locus has been repeatedly shown to be associated with autoimmune disorders. 13 However, the genome-wide linkage study performed in the Dutch population did not show significant linkage to this region. 5 Initial genetic association studies on the CTLA4 gene in the Dutch population showed borderline significance for the CT60-G allele (P ¼ 0.048), but this did not remain significant after correcting for multiple testing 14 and could also not be replicated in an expanded cohort. 15 Moreover, the weak association reported by some groups is insufficient to explain the linkage peak. It is likely that there is another gene from this region associated with CD susceptibility. . These observations suggest that STAT1 might be critical in controlling the immunological activity in CD and, hence, any genetic change that alters its transcriptional activity could explain the detrimental immune response seen in CD. Based on this evidence, we carried out a comprehensive approach using tag SNPs to investigate the genetic contribution of the non-HLA gene STAT1 in the Dutch CD population in a case -control cohort.
Subjects and methods

DNA samples for genetic association studies
For the genetic association study, we collected a group of 355 independent CD cases and 360 independent blood bank controls, all of Dutch Caucasian origin. All CD patients were diagnosed according to the ESPGHAN criteria 17 and were selected for showing a Marsh III lesion at initial diagnosis. Ninety-three percent of the patients were HLA-DQ2 positive. We collected blood samples and isolated DNA according to standard laboratory procedures.
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Informed consent was obtained from all individuals and the study was approved by the Medical Ethics Committee of the University Medical Centre, Utrecht, The Netherlands.
Power calculations
We have more than 80% power to detect a disease variant with minor allele frequencies ranging from 0.1 to 0.3, assuming a relative risk of 1.7, a dominant inheritance, a disease prevalence of the 0.1, a D 0 of 1 and an equal frequency of the tested SNP and the high-risk variant. In case of a different frequency of the high-risk allele compared to the tested SNP or an imperfect tagging, the power drops. In case of a codominant effect, the power increases.
SNP selection and data analysis
To select the tag SNPs, we downloaded the genotype information on the SNPs for the STAT1 gene from the HAPMAP database release 18 phase I (http://www.hapmap. org/) (typed in the CEPH population of Utah residents with ancestors from Northern and Western Europe). We uploaded this to the Tagger program (http://www.broad. mit.edu/mpg/tagger/). This software returned six nonredundant tag SNPs with a minor allele frequency (MAF) X10% and an r 2 X0.8 that covered the STAT1 gene. For these SNPs, two assay-on-demand probes: rs3771300 (C_22274194_10) and rs1914408 (C_1737196_10); and four assay-by-design probes: rs7562024 (C_1737208_10), rs1547550 (C_1737199_10), rs13010343 (C_1737197_10) and rs2030171 (C_1737225_20) were obtained. All the tested SNPs were analyzed on an ABI Prism 7900 HT system. All reagents and equipment were purchased from Applied Biosystems (Foster, CA, USA) and used according to their protocols. Hardy -Weinberg equilibrium was evaluated separately in the case and control groups, for all tested SNPs (data not shown). Differences in allele frequencies and genotypes were compared between cases and controls using a w 2 test.
Results
To study the STAT1 gene as a causative factor in CD, we selected six tag SNPs for further genetic association studies (Table 1) . Although the SNP rs1547550 could not be tested owing to manufacturing failures, the other five tag SNPs captured 90% of the untyped SNPs present in the gene with an r 2 40.8 and MAF 410%. All SNPs were in HWE (data not shown). The association studies showed no statistical difference between the cases and controls for either allele (Table 1a) or genotype frequencies (Table 1b) . Haplotype analysis did not improve the results (data not shown). We therefore concluded that the STAT1 gene is not associated to CD in the Dutch population.
Discussion
The CELIAC3 region has been found to be significantly linked to CD in the Scandinavian population and was also reported in a meta-analysis carried out by a European consortium on CD. 4, 12 This locus contains a number of interesting candidate genes for CD, but so far attention has mainly been focused on the CTLA4 gene, as it has shown association to other autoimmune disorders. 13 Nevertheless, genetic studies in CD have been rather inconclusive and do not clearly point to a genetic association with Figure 2 Overview of the markers and their location in the CELIAC3 region. These have been obtained from three reported studies in CD. 4, 12, 16 The position of the markers and genes is given in bps according to Ensembl v37 Feb 2006. The figure is not drawn to scale.
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12,14 -16,18 -29 Therefore, it is tempting to speculate that another gene in this region may be the causative one in CD pathogenesis. In this study, we selected as a candidate the STAT1 gene. Its protein is one of the main downstream modulators of IFN-g signaling through the JAK-STAT pathway. The STAT1 gene is located in the CELIAC3 region on chromosome 2q23 -32, and its participation in the pathogenesis of CD is suggested by persistent activation at the lamina propria, and the upregulation of IFNG, several components of the JAK-STAT pathway and its downstream targets.
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We therefore conducted genetic association studies in a Dutch case -control cohort to determine the contribution of the STAT1 gene in the etiology of CD. Our association studies did not reach statistical significance for any of the tested tag SNPs. Although we cannot exclude a minor effect of this gene in the Dutch population, our results gave no evidence for STAT1 being a strong causative factor in the Dutch CD population.
Despite the results from the genetic studies on IFNG and STAT1, the importance of the JAK-STAT1 pathway in the immune response to gluten is still remarkable. However, at this point, we cannot exclude that upregulation of the downstream STAT-1 targets is secondary to the high IFN-g production in the lamina propria of CD patients. Unfortunately, there have been no functional experiments to determine the exact nature of the stimuli that initiate the JAK-STAT1 pathway in CD. It would be logical to assume that the major stimulator of this pathway is IFNG, as large amounts of it are seen in the biopsies of CD patients, but other cytokines such as IL-6 can also activate this pathway. 30 Additional studies on the JAK-STAT1 pathway, revealing the range of genes regulated by this transcription factor under the presence of gluten, are important, and should reveal new aspects of the immune response that occurs in CD. We still need to determine whether other STAT (STAT1 -6) and JAK proteins are activated in the coeliac intestine, and especially, which molecules of the regulatory mechanisms of this pathway (the suppressor of cytokine signaling (SCOCS) family, the protein inhibitor of activated STAT (PIAS) proteins and protein tyrosine phosphatases (PTPs)) participate in the pathogenesis of CD. Interestingly, some of the molecules of the regulatory mechanisms have already been related to immune diseases, like the regulatory molecule protein, tyrosine phosphatase receptor type C (PTPRC) that has been associated to 31 Identifying other members of the JAK-STAT pathway participating in CD, and the molecules that maintain its balance, might therefore reveal potential candidate genes for further genetic association studies in CD.
In conclusion, although functional studies imply that STAT1 plays an important role in regulating the extensive activation of the adaptive immune response in the lamina propria of CD, genetic association studies do not show any significant association of this gene to the Dutch CD population.
